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Climate  change  is  expected  to intensify  the  existing  risks,  particularly  in regions  where  water  scarcity
is  already  a concern,  as  well  as create  new  opportunities  in  some  areas.  Efforts  to  develop  adaptation
strategies  for  agricultural  water management  can  beneﬁt  from  understanding  the  risks  and  adaptation
strategies  proposed  to  date.  This  understanding  may  assist  in  developing  priorities  for the  adaptation  of
water resources  for  irrigation.  Here  we  characterise  the  main  risks  across  European  regions  and  evaluate
adaptation  strategies  by reviewing  over  168  highly  relevant  publications  that  appeared  in  the  last  15
years.  Based  on  this  extensive  database  we  characterise  the  effort  and  beneﬁt  of  a number  of  agronomic
and  policy  measures,  aiming  to  develop  concrete  adaptation  plans  and  responding  to concrete  regional
challenges.  The  adaptation  choices  consider  current  technological  perspectives  and  do  not  project  future
technological  change;  we are  certain  that  technological  change  will shape  some  choices  for  adaptation
in  the  coming  decades.  The  greatest  scope  for action  is in  improving  adaptive  capacity  and  responding
to  changes  in  water  demands,  however  the  implementation  requires  revamping  current  water  policy,
adequate  training  to  farmers  and  viable  ﬁnancial  instruments.  These  results  aim to  assist  stakeholders  as
they take  up  the  adaptation  challenge  and develop  measures  to reduce  the  vulnerability  of  the  sector  to
climate  change.
© 2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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complex. The challenges of climate change will have to be met
through adaptation. Agriculture is an important sector in Europe
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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roviding employment opportunities to rural population, and sup-
orting food security goals. However, agriculture requires water,
n increasingly scarce resource. Choices for agricultural water
anagement include a large range of technical, infrastructure, eco-
omic and social factors. Irrigated agriculture is protected to some
xtent from natural variability by hydraulic infrastructure, but the
ector uses a major share of the available water resources in the
orld. Agriculture water needs must be supplied in a context of
iminishing availability, due to environmental awareness, pop-
lation growth, economic development and global change. As a
onsequence, water management for agriculture is inter-related
ot only to traditional water resources management, but also to
ood production, rural development and natural resources man-
gement.
Climate change will add to the many economic and social
hallenges already being faced by water management in agricul-
ural areas (Rosenzweig et al., 2004; EEA, 2012a,b,c; Iglesias et al.,
011a; IPCC, 2008). While some aspects of climate change such as
ncreased precipitation may  bring some localised beneﬁts, there
ill also be a range of adverse impacts, including reduced water
vailability and more frequent extreme weather (Alcamo et al.,
007; Arnell and Delaney, 2006; Arnell et al., 2011; Easterling et al.,
000; Rosenzweig et al., 2004; Iglesias et al., 2007). These nega-
ive impacts may  put current water management, especially at the
evel of individual land managers and regions, at signiﬁcant risk
summary of evidence in IPCC, 2014).
To advance the understanding of adaptation choices for
gricultural water management, this study reviews 168 recent pub-
ications related to the multiple dimensions of adaptation of water
anagement for agriculture: from technical aspects to barriers and
otivations to public support. This study then links climate change
mpacts to the development of adaptation strategies for European
egions. It aims to facilitate an improved understanding of the
otential implications of climate change and adaptation options for
gricultural water management and thereby assist policy makers
s they take up the adaptation challenge and develop measures to
educe the vulnerability of the agricultural sector to climate change.
With the aim of providing support for adaptation planning, we
elieve two questions are particularly relevant: what are the adap-
ation needs in view of climate change? How successful are the
roposed adaptation strategies in overcoming the risk posed by cli-
ate change? We  address these questions by evaluating the risks
f climate change for water for agriculture and then linking these
isks to the development of adaptation strategies for agricultural
ater management.
The paper is structured into 5 sections: Section 1 is the introduc-
ion; Section 2 presents the methods and data; Section 3 presents
egional risks and opportunities for water availability for irrigation
n European agricultural areas; Section 4 presents an analysis of the
daptation choices to increase the sustainability of water resources
llocation for irrigation in view of the impacts of climate change;
nd Section 5 discusses the results and draws a conclusion.
. Data and methods
.1. Framework and data
The framework of the study consists of a series of steps repre-
enting a logical progression from an assessment of climate change
isks and opportunities, identiﬁcation of adaptation options and
valuation of the most adequate ones for implementation, aiming
o inform adaptation priorities and policies (Fig. 1). The assess-
ent is a review of the available literature covering climate change
rojections, impacts on water needs for agriculture and water avail-
bility, and potential responses to overcome the negative impacts,Fig. 1. Structure of the study and research questions. The total number of publi-
cations is 168, some publications overlap in the two components, and some are
included only to support our discussion.
all of which are relevant to understanding the use of water for agri-
culture in the 21st century. The study includes 168 highly relevant
publications from 1999 to 2014, cited in peer reviewed journals,
and reports of the World Bank, United Nations, European Commis-
sion, European Environment Agency and OECD. Some publications
overlap in the two components and some are included only to sup-
port our discussion.
2.2. Deﬁning the risks and opportunities
Risks and opportunities were identiﬁed in relation to projected
impacts to water availability and water needs for agriculture. We
identiﬁed those that need to be addressed most urgently and pro-
vided a rationale for focusing the adaptation assessment on key
issues. The likelihood of risks and opportunities was assessed using
estimates of certainty of impacts provided in the literature. These
vary in their comprehensiveness. In some circumstances, we  have
an estimate of certainty for the impact of climate change on farm-
ing activities; in other cases, we only have an uncertainty score for
the general effects of climate change on a sector. We  have used
published information where possible.
2.3. Selecting adaptation choices and criteria for evaluation
The selection of adaptation measures and their attributes is
based on a subset of the 168 publications, that is 100 studies that
include information on speciﬁc adaptation measures (see Section
2.1). Here we  propose an evaluation based on the most common
listed attributes in the literature, particularly on two studies: ﬁrst,
De Bruin et al. (2009) described an inventory of climate adapta-
tion options and provided a ranking of the different alternatives
in The Netherlands, including options for water for agriculture.
Their study evaluates the options based on stakeholder analysis
and expert judgement, and presents some estimates of incremen-
tal costs and beneﬁts. Second, the qualitative assessment focuses on
ranking and prioritisation of adaptation options. Mukheibir deﬁned
criteria used for strategy analysis with experts, such as technical
difﬁculty, potential costs of implementation and potential beneﬁt.
These criteria are widely used in adaptation studies (Leary, 1999;
Burton and Lim, 2005), although each study quantiﬁes these indica-
tors in different ways. Here we have a qualitative approach based on
published studies and synthesised by Iglesias et al. (2006). As result
we have selected the attributes to evaluate adaptation strategies
presented in the results section.
Table 1 outlines the criteria for the evaluation of the choice of
adaptation measures in this study. The type of measure largely
determines the extent to which water managers or farmers can
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dopt them without additional assistance. Stakeholders are likely
o be able to implement some management measures without
upport. This will also be true, to a large extent, for agronomic
easures, while infrastructural measures are likely to require sig-
iﬁcant capital investment. We  have considered timescales for
ction in the short-term (within the next 5 years), medium-term
within 5–10 years’ time) or long-term (beyond 10 years). While
hese timeframes seem short in comparison with the timescales for
limate change predictions, they are used because they correspond
o normal timescales for business planning and policy develop-
ent. As the impacts of climate change intensify over the coming
ecades, many of the adaptation measures initially adopted will
ave to be reinforced or expanded across wider areas.
The timescale refers to time necessary to implement the adap-
ation measures. There are a number of factors that determine the
imescale or urgency with which an adaptation action is consid-
red. Many adaptations may  be carried out relatively quickly by
ndividuals in response to observed water scarcity, for example
mplementing water exchange rights. In these cases, the timescale
or action is likely to be governed mainly by the cost and techni-
al feasibility of making such a change. We  consider this timescale
–5 years. In contrast some adaptation measures that call for pol-
cy changes or large scale infrastructure investments will require
ector-wide cooperation. In such cases, adaptation measures will
equire a long lead time of perhaps many years. We  consider this
imescale more than 10 years. Many adaptation measures, such
s the construction and management of small scale reservoirs in
armland could be implemented in a timescale of 5–10 years.
able 1
riteria for the evaluation of the adaptation measures.
Attributes of the adaptation measures Evaluation Cr
Level F (farm) Th
ﬁr
P  (public) Th
in
Category AG (agronomic) Re
kn
MA  (management) De
pe
IN  (infrastructural) In
Timescale ST  (short term) Ti
0–
MT  (medium term) Ti
5–
LT (long term) Ti
m
Technical difﬁculty L (low) M
te
M (medium) M
sig
H (high) Re
in
Potential cost L (low) Ca
re
pr
M  (medium) As
ﬁn
im
pr
H  (high) As
(m
Potential beneﬁt L (low) Lo
m
M  (medium) Sc
ag
H  (high) Gl
ex Management 155 (2015) 113–124 115
Cost beneﬁt is used for the evaluation of concrete measures
where costs associated with action and inaction are well docu-
mented. De Roo et al. (2012) have recently reported a multi-criteria
optimisation of scenarios for the protection of water resources in
Europe.
2.4. Limitations
It is important to note that the data used for the impact and
risk evaluation were obtained from a very broad range of stud-
ies developed using different methods. This broad analysis aims to
decrease the uncertainty level of the results that arise from the dif-
ferent methods used. Nevertheless, in some cases it may  be difﬁcult
to establish commonality across the studies in a particular region.
Therefore, this study considers data that may  be contradictory.
The somewhat arbitrary nature of the scoring and weighting
system is acknowledged. However, by basing the method upon
criteria widely accepted (Table 1) using assessments of risk pub-
lished in peer-reviewed literature, the method is an informative
and valid way of producing a preliminary assessment of adaptation
measures.
Our assessment does not consider technological change. The
assumption that the current technological context will be valid in
the future is clearly ﬂawed. This choice was  made due to the fact
that most climate change impact studies do not consider techno-
logical change and we did not want to introduce a variable that will
make our estimates depart from the original research results.
Another drawback of focusing on climate change adaptation
only is that we lose sight of the overall context in which agriculture
iteria
e scope of the action is local and the initiative is taken privately by the farmer or
m
e scope of the action is regional (extends to more than the single farm) and the
itiative is taken by the administration
quires efforts on research and innovation for implementation of existing
owledge or for new technological development
velopment of institutional and organisational skills needed to improve
rformance of socio-economic systems
volves construction work and development of new built physical facilities
me estimated for an action to show an effect since its implementation begins:
5 years
me estimated for an action to show an effect since its implementation begins:
10 years
me estimated for an action to show an effect since its implementation begins:
ore than 10 years
easures that are currently available at the present time to agents with no
chnical skill or formal training
easures that are currently available at the present time but they require
niﬁcant effort to implement
quires new technological or management developments not currently available
 the present time, their implementation is topic of active research
n be supported by individuals or administrations and no additional ﬁnancing is
quired, the farmer can do it with its own resources, cost of less than 5 years of
oduction
sumed by local institutions through the standard short and medium term
ancing (less than 10 years) or by standard cost recovery actions (i.e., ﬁnanced by
plementing a canon or tax), cost to farmers between 5 and 20 years of
oduction
sumed by national or international institutions requiring long term ﬁnancing
ore than 10 years) from international policy or lenders
cal scope with potential beneﬁts mainly for the farmer that implements the
easure
ope that transcends the farmer level with beneﬁts affecting mostly the
ricultural sector, the positive externalities are regional
obal scope, with potential beneﬁts at the regional collective level, with possible
ternalities and co-beneﬁts in other sectors
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ill develop in the future. This may  lead to overestimating the
mportance of climate change impacts when they are considered
n isolation from, for example, issues relating to the Common
gricultural Policy (CAP).
The analysis does provide some indication of the overall pro-
ected impact of climate change on farmers across agro-climatic
ones. It does not, however, provide a means for identifying the
isks/opportunities that affect the most vulnerable farmers. In
any cases, the literature that was reviewed did not provide
nough information on vulnerable groups for a breakdown at this
evel to be possible. However, when the potential adaptations mea-
ures are considered, a range of practical, farm level adaptations
ill be identiﬁed that can help the vulnerable farming systems and
ub-sectors deal with climate change impacts.
Finally, the database of impacts used in this study did not
nclude an evaluation of the interaction among stressors, due to
he lack of published research in this important area. It is clear that
eal impact will results from the interaction of stressors like heat,
rought, nutrient deﬁciencies, pests and diseases under changing
O2 concentration or the impact of extreme events and climate
ariability under climate change. There is a common understand-
ng that these impacts are important but scientiﬁc research on
hese aspects is still at the beginning. Therefore there might be a
ias towards established knowledge while emerging research ﬁelds
ay  be underrepresented.
able 2
atabase of climate change impacts on water availability and irrigation requirements pro
Projected impacts Potential negative effects and conseq
for agro-ecosystems and rural areas
All Review of all impacts 
Changes in water availability Seasonal variations in hydrological r
Decreased water availability
Risks of water quality loss
Increased risk of soil salinisation
Conﬂicts among users
Groundwater abstraction depletion a
decrease in water quality
Changes in the incidence of extreme
events (ﬂoods and water scarcity)
Increased frequency and magnitude 
droughts and ﬂoods
Increased water logging
Increased water shortages
Increased irrigation requirements High in areas already vulnerable to w
scarcity
Increased demand for irrigation
Decreased yield of crops
Changes in agricultural land use Shift in optimal conditions for farmin
Deterioration of soils
Land abandonment
Decreased crop yields
Deterioration of water quality in rivers
and aquifers and soil erosion
High for southern countries
Decrease in water quality from nutri
leaching
Increased risk of desertiﬁcation
Loss of glaciers and alteration of
permafrost
Changes in hydrologic regime 
Biodiversity loss High for vulnerable regions
Loss of natural adaptation options
Modiﬁed interaction among species Management 155 (2015) 113–124
3. Regional risks and opportunities
There are several hundred studies on the potential impacts of
climate change on water resources which apply many different
approaches (EEA, 2012a). A summary of the most relevant stud-
ies in the last 15 years is presented in Table 2 and summarised in
Fig. 2. These studies have different focuses – from ecosystems ser-
vices approach to water policies, to recreational water, a wide range
of time-frames, as well as different scenarios and spatial scales that
vary from the local to the global analysis. Although the results are
diverse and sometimes contradictory, a common element is that
one of the primary impacts of climate change will be a reduction
of water availability for irrigation purposes across all regions (EEA,
2012a).
Two variables are particularly critical for agriculture: future pre-
cipitation patterns and their distribution throughout the year, and
the incidence of extreme weather events (IPCC, 2007, 2008, 2014;
Iglesias et al., 2012a,b). The main consequences of changes in water
resources for agricultural production include: (i) increased demand
for water in all regions due to increases in crop evapotranspiration
in response to increased temperatures; (ii) increased water short-
ages, particularly in the spring and summer months, increasing the
water requirement for irrigation, especially in areas with current
water stress; (iii) reduced water quality due to higher water tem-
peratures and lower levels of runoff in some regions, particularly in
jected for the 2050–2080s period with high conﬁdence level.
uences A sample of studies (1999–2014)
IPCC, 2014
egime
nd
Iglesias et al., 2000, 2007, 2011b, 2012a; Antle et al., 2004;
Döll and Zhang, 2010; Arnell and Delaney, 2006; Arnell
et al., 2011; Beniston, 2003; Biemans et al., 2013; Brown
and Funk, 2008; Droogers, 2004; Ewert et al., 2005; Fink
et  al., 2004; Fronzek and Carter, 2007; Gerten et al., 2011;
Giannakopoulos et al., 2009; González-Zeas et al., 2013;
Henriques et al., 2008; Kempen et al., 2010; Lloret et al.,
2004; Parry et al., 2004; Rosenzweig et al., 2001, 2004;
Trnka et al., 2011; Yang et al., 2002; Strzepek et al., 1999;
Zhang and Cai, 2013, Dai et al., 2009
of Arnell and Delaney, 2006; Lehner et al., 2006; Arnell et al.,
2011; Becker et al., 2007; Beniston, 2003; Beniston et al.,
2007; Brown et al., 2011; Burke et al., 2009; Christensen
and Christensen, 2007; Gardner, 2009; Hoerling et al.,
2012; Iglesias et al., 2007; Lehner et al., 2006; Menzel
et al., 2006; Rosenzweig et al., 2001; Vogt and Somma,
2000; Easterling et al., 2000; Feyen et al., 2012;
Hirabayashi et al., 2008
ater Alcamo et al., 2007; Arnell and Delaney, 2006; Arnell et al.,
2011; Bastola et al., 2011; Berbel et al., 2011; Biggsa et al.,
2010; Brenkert and Malone, 2005; Conway, 2005; Döll,
2002; Gleick, 2003; Lopez et al., 2009; Mizyed, 2009;
Nkomozepi and Chung, 2012; Rodrıguez Dıaz et al., 2010;
Rosenzweig et al., 2004; Vorosmarty et al., 2000
g Brown et al., 2011; Ewert et al., 2005; Kempen et al., 2010;
Metzger et al., 2006; Olesen and Bindi, 2002; Rounsevell
et al., 2005; Yoo et al., 2013
ent
Barnett et al., 2005; Gleeson et al., 2012; Pavelic et al.,
2012; Pulido-Velazquez et al., 2011; Rounsevell et al.,
2005; Causapé et al., 2005; Nearing et al., 2004
Barnett et al., 2005; Beniston, 2003; Jasper et al., 2004
Harrison et al., 2008; Metzger et al., 2006; Palmer et al.,
2009; Thuiller et al., 2005; Vorosmarty et al., 2010; Wu
et  al., 2012
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ummer, imposing further stress in irrigated areas; (iv) increased
isk of ﬂooding due to the expected concentration of winter rainfall;
nd (v) the projected increases in sea level will also affect agricul-
ural production in the low-lying coastal areas, unless measures to
rotect vulnerable land or other land management schemes are put
n place.
Summer rainfall is projected to decline in continental climates
f mid  latitudes, leading to increased water stress (Iglesias et al.,
007; Vorosmarty et al., 2000). In northern Mountain regions, cli-
ate change is projected to bring mixed effects: initial beneﬁts
uch as increased crop yields (at moderate levels of warming)
re likely to be outweighed over time by more frequent ﬂood-
ng and increasing ground instability (Giorgi and Lionello, 2008;
irabayashi et al., 2008). Altered carbon and nitrogen cycles may
ffect soil erosion and water quality in all regions (Nearing et al.,
004).
Coastal areas are vulnerable to ﬂooding and attention needs to
e given to measures that will reduce this risk.
Our current understanding of European climate leads to pro-
ected overall temperature increase from 2 to 4 ◦C and precipitation
hanges of 10 to −50% by the 2080s. The changes are not equally
istributed across different regions or seasons. The changes are
ikely to be more pronounced in southern Europe, with temper-
ture increases reaching +5 ◦C by the 2080s in some scenarios
nd an alarming increase of extreme temperature (hot and very
ot days); drought periods may  increase throughout the Mediter-
anean (Giorgi and Lionello, 2008; Christensen and Christensen,
007). As result, evapotranspiration rates will increase, resulting
n increased demand of water for agriculture.
The last IPCC report (IPCC, 2014) clearly reported empirical evi-
ence of changes in precipitation, temperature, extreme events and
O2. Looking into the future, the IPCC (2014) projected the changes
n different areas are not uniform, but studies show with certainty
hat for the 2070s, the percentage of surface area under conditions
f severe water stress is expected to increase from the current 19%
o 35%. Some changes imply potential beneﬁts; nevertheless, the
pportunities can only be realised if the necessary adaptations and
nowledge and expertise are available.water management in Europe (based on data presented in Table 2).
These projections may  result in reductions of average annual
runoff up to 50%, challenging the whole socioeconomic model
which is based largely on water demanding activities: recreation,
tourism and food production. A number of studies have shown that
under climate change annual river ﬂow is expected to decrease in
Southern Europe and increase in Northern Europe; changes are also
expected in the seasonality of river ﬂows with considerable differ-
ences over the European region (Arnell and Delaney, 2006; Arnell
et al., 2011; Milly et al., 2005; Alcamo et al., 2007).
4. Making adaptation choices
In this section we present an assessment in terms of potential
beneﬁts, technical feasibility and potential costs for the poten-
tial adaptation options explored, not just for dealing with climate
change risks, but also to allow for the exploitation of the possible
opportunities.
4.1. Selection of adaptation measures
The database of studies that contributed to the formulation of
adaptation measures is presented in Table 3. Based on the informa-
tion provided by the studies in Table 3, we selected 33 adaptation
measures that respond to the risks identiﬁed. Table 4 outlines the
mechanism behind each selected adaptation option that overcomes
the impacts caused by climate change. The potential beneﬁt of the
measure is characterised by how much the climate impacts can be
offset by each option; this is presented in Table 5.
The suggested measures are far from comprising an exhaustive
list, nor are they to be taken as a set menu of policies, rather they
are meant to reﬂect the kind of policies that may be appropriate for
redressing impact variables in the future. At the same time, imple-
mentation of measures depends on local conditions. For instance, in
areas with considerable social and economic inequality and where
water scarcity is not as pressing an issue, water management poli-
cies should focus on ensuring equitable access for disadvantaged
populations to guarantee health and economic beneﬁts (Iglesias
et al., 2011a,b,c). The appropriate policy mechanisms follow from
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Table  3
Sources of information to characterise adaptation strategies and measures in response to climate change impacts on water availability and irrigation requirements.
Type of strategy or measure A sample of studies (1999–2014)
Adaptation frameworks, cost and beneﬁts: information
from organisations and institutions
DEFRA, 2005, 2010; OECD, 2009a,b, 2011; UNDP, 2010a,b,c; UNECE, 2009; World Bank,
2010a,b, COM, 2009a,b, 2012, FAO, 2008, UNDP, 2005
Adaptation frameworks, cost and beneﬁts: information
from academic publications
Adger et al., 2005; Agrawal, 2008; Arnell and Delaney, 2006; Arnell et al., 2011;
Bermann et al., 2012; Bryan et al., 2009; Burton and Lim, 2005; Ciscar et al., 2011; De
Bruin et al., 2009; De Loek et al., 2001; De Roo et al., 2012; Dinar, 2011; Easterling
et  al., 2003; Fankhauser et al., 1999; Fankhauser, 2010; Gleick, 2003; Howden et al.,
2007; Huntjens et al., 2010; Iglesias and Buono, 2009; Iglesias et al., 2011a,b,c, 2012b;
Krysanova et al., 2010; Leary, 1999; Lempert and Groves, 2010; Ma et al., 2008;
Mukheibir, 2008; Palmer et al., 2009; Quevauviller et al., 2005; Smit and Skinner, 2002;
Strzepek and Boehlert, 2010; Wreford et al., 2010; Wu et al., 2012; Yang et al., 2002
Irrigation Berbel et al., 2011; Biemans et al., 2013; Causapé et al., 2005; Finger et al., 2011;
Gaydon et al., 2012a,b; Heumesser et al., 2012; Mehtaa et al., 2013; Pavelic et al., 2012;
Siebert et al., 2007; Törnqvist and Jarsjö, 2012; Yoo et al., 2013; Zimmerer, 2011
Deﬁcit irrigation Ates et al., 2013
Conjunctive use of surface and groundwater Pulido-Velazquez et al., 2011
Desalinisation and water reuse Abufayed and El-Ghuel, 2001; Trinh et al., 2012; McEvoy and Wilder, 2012
Water markets Garrick et al., 2009
Biotechnology Ceccarelli et al., 2010; Challinor et al., 2007
Measures addressing water scarcity Droogers, 2004; Garrote et al., 2007, 2014; Iglesias et al., 2007; Martin-Carrasco et al.,
2013; Roncoli et al., 2001; Rosegrant et al., 2009; Rossi, 2009; UNISDR, 2009; Vogt and
Somma, 2000; Zhu et al., 2013; Zougmoré et al., 2010
Measures addressing the risk of ﬂood Becker et al., 2007; Gersonius et al., 2013
Insurance Glauber, 2004; Glenk and Fischer, 2010
Water harvesting Glendenninga et al., 2012; Moges et al., 2011; Oweis and Hachum, 2005
Innovation Rodima-Taylor et al., 2012; Sunding and Zilberman, 2001
Acceptance and implementation of measures: the point of
view of the citizens and farmers
Eurobarometer, 2008, 2009; Faysse et al., 2013; García de Jalón et al., 2013a,b; Holman
et  al., 2008; Ivey et al., 2004; Leiserowitz, 2006; Michel-Guillou and Moser, 2006;
Sadoff
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y a combined analysis of water scarcity levels and weaknesses in
ocial system at the local level (Iglesias et al., 2011a,b,c).
The measures outlined above show that, for the water sector,
lanned interventions must consider both supply side and demand
ide solutions (Gleick, 2003; Gleick and Palaniappan, 2010). On the
upply side, adaptation options involve increases in storage capac-
ty or abstraction from water courses. Demand-side options, like
ncreasing the allocative efﬁciency of water to ensure that eco-
omic and social beneﬁt is maximised through use in higher-value
ectors, aim to increase value per volume used and to ensure that
uality is maintained (Gleick and Palaniappan, 2010). In sum, it
ecomes clear that the water sector’s importance for numerous
ther productive and social arenas requires policies and manage-
ent strategies to be well aware of water’s widespread impacts.
Regarding climate change predictions, water resources re-
llocation seems to be a key adaptation measure to tackle water
carcity problems. However, there are some potential solutions to
ater allocation problems, such as changes in infrastructure, land-
se or limitations of irrigation that may  not be well accepted by
he whole of society (Iglesias et al., 2011a,b,c) and decision-making
rocesses often can lead to conﬂicts among different stakeholders.
hus it is essential to incorporate the interests of the different stake-
olders affected by the consequences of these processes, including
olicy makers, farmers and the public (Semenza et al., 2011). The
ater Framework Directive (EUWFD), which represents a bench-
ark in the design of water policies in Europe, greatly promotes
takeholders and public participation in decision- and policy-
aking processes. Relly and Sabharwal (2009) claim that there is a
rowing demand for the processes used to allocate resources to be and Grey, 2002; Semenza et al., 2011; Shwom et al., 2010; García de Jalón et al.,
,b
transparent, based on scientiﬁc evidence and deliver outcomes that
are in the public’s interest. This reinforces the need to study pub-
lic preferences for climate change adaptation measures in order to
incorporate public opinion into policy- and decision-making pro-
cesses. Thus a better understanding of how stakeholders’ perceive
climate change, adaptation policies and the factors or predictors
inﬂuencing their support for adaptation policies, can be a helpful
tool in the development of these decisions and policies.
Bermann et al. (2012) evaluate the role of institutions in the
transformation of coping capacity to sustainable adaptive capac-
ity. The study identiﬁed four key challenges to understand the
transformation of coping to adaptive capacity, which include (1)
the concealed nature of adaptive capacity; (2) the temporal trade-
offs between coping and adaptive capacity; (3) the limited focus
to date on rural communities; and (4) the lack of empirical evi-
dence. Agrawal (2008) provides a clear review of adaptation to
climate change, highlighting the role of local institutions. Huntjens
et al. (2010) propose a theoretical improved institutional design,
and Lempert and Groves (2008) identify concrete actions for water
management institutions.
Public choice for adaptation in the European Union has been
documented based on extensive surveys (Eurobarometer, 2008,
2009); in the USA it has been documented with more analyti-
cal approaches. Perceptions and policy choices are often complex
and reﬂect local values (Leiserowitz, 2006). Public concern of
the state of the environment has grown rapidly and this has
also increased interest in participatory decision making. Con-
sequently, public approval has become an important decision
objective and public participation has become a common element
in environmental decision making processes. However, the large
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Table  4
Adaptation measures selected and mechanism behind each option that offsets the potential negative impacts of climate change for agricultural water management.
Adaptation needs Measure Mechanism to overcome the impacts of climate change
I. Improve resiliency
and adaptive capacity
(1) Implement regional adaptation plans Enhances effectiveness of adaptation measures
(2)  Improved monitoring and early warning Mitigates consequences of adverse events
(3)  Improve coordination planning Enhances effectiveness of adaptation measures
(4)  Innovation and technology Improves effectiveness of adaptation measures and
reduces costs
II.  Response to changes
in water availability
(5) Innovation: water use efﬁciency Increases water availability
(6)  Improve soil moisture retention capacity Increases water use efﬁciency
(7)  Small-scale water reservoirs on farmland Increases water management ﬂexibility at the local level
(8)  Improve the reservoir capacity Increases management ﬂexibility and water availability at
regional level
(9) Water reutilisation Increases water availability
(10)  Improve water charging and trade Decreases inefﬁcient use of water
(11)  Re-negotiation of allocation agreements Improves water use efﬁciency
(12)  Set clear water use priorities Improves water use efﬁciency
(13)  Integrate demands in conjunctive systems Increases management ﬂexibility and water availability
III.  Response to ﬂoods
and droughts
(14) Create/restore wetlands Reduces ﬂood peaks
(15) Enhance ﬂood plain management Reduces ﬂood vulnerability
(16) Improve drainage systems Reduces extent and duration of ﬂooding
(17)  Farmers as ‘custodians’ of ﬂoodplains Decreases risk of ﬂood damages
(18) Hard defences Decreases risk of ﬂood damages
(19) Increase rainfall interception capacity Reduces ﬂood peaks at the local level
(20)  Introduce drought resistant crops Improves agronomic water use efﬁciency
(21)  Insurance to ﬂoods or drought Decreases economic losses to the farmer
IV.  Response to
increased irrigation
requirements
(22) Change in crops and cropping patterns Decreases economic risk to farmers
(23)  Improve practices to retain soil moisture Decreases the need for additional water to crops
(24) Develop climate change resilient crops Mitigates impacts of climate change
V.  Response to changes
in agricultural land use
(25) Relocation of farm processing industry Maintains industrial activity
(26) Addition of organic material into soils Recovers soil functions
(27) Introduce new irrigation areas Develops new agricultural land
VI.  Response to
deterioration of water
and soil quality
(28) Improve nitrogen fertilisation efﬁciency Reduces agricultural diffuse pollution
(29)  Soil carbon management and zero tillage Reduces soil erosion and improves soil water retention
capacity
(30)  Protect against soil erosion Reduces land degradation
VII.  Response to loss of (31) Increase water allocation for ecosystems Improves ecosystem services, effective at the global level
n
i
n
i
2
i
2
g
(
2
c
f
t
r
t
t
s
t
s
a
o
s
e
i
Pbiodiversity (32)  Maintain ecological corridors 
(33)  Improve crop diversiﬁcation 
umber of stakeholders also results in a large number of conﬂict-
ng views and, therefore, transparent and structured processes are
eeded to reach participants’ shared understanding of the problem.
Local needs and capacities are based on the potential for capac-
ty to develop new irrigation systems (Yoo et al., 2013; Zimmerer,
011; Siebert et al., 2007) or implement improved technology for
rrigation (Ates et al., 2013), desalinisation (Abufayed and El-Ghuel,
001), water re-use technology (Trinh et al., 2012), alternatives of
roundwater management (Causapé et al., 2005), water harvesting
Glendenninga et al., 2012; Moges et al., 2011; Oweis and Hachum,
005), capacity to develop insurance (Glenk and Fischer, 2010) or
apacity to develop water markets (Garrick et al., 2009).
The integration of water demands in conjunctive systems allows
or the joint management of surface and groundwater resources
o overcome dry periods and thus build robustness into water
esources systems (Pulido-Velazquez et al., 2011). This is achieved
hrough integration of a large number of demands and diversiﬁca-
ion of supply sources in combined systems. The sources of water
upply from different origins can have very different characteris-
ics. Resources of a different nature (e.g., surface and groundwater)
how highly signiﬁcant differences in terms of variability and reli-
bility (Garrote et al., 2014). Systems that integrate a large number
f demands and supply sources can best respond to situations of
carcity through integrated water resources management, using
very resource for the purposes that are more appropriate depend-
ng on its amount, regularity and reliability (Garrote et al., 2014;
ulido-Velazquez et al., 2011).Improves biodiversity with positive global consequences
Improves biodiversity
Although local needs determine the scenario for adaptation,
cooperation is always a priority for adaptation that includes water
resources management, as shown for example in the case of trans-
boundary water management (Ma  et al., 2008; Sadoff and Grey,
2002). Upscaling local initiatives is often impossible, but knowledge
transfer should play a major role in the development of adaptation
strategies, especially the strategies that include local resiliency as a
major component of the adaptation assessment needs (World Bank,
2010a,b).
The need for developing win-win strategies to avoid the
potential conﬂicts that may  arise due to climate change impacts
have been stressed endlessly (Fankhauser et al., 1999). How-
ever, win-win strategies are often difﬁcult to ﬁnd and the
trade-offs of each one need to be evaluated. The adaptation
programme of DEFRA (2005, 2010) includes a comprehensive anal-
ysis of adaptation trade-offs for the agricultural sector in the
UK.
Finally, given the costs and lack of incentives associated
with promoting adaptive capacity, adaptation is unlikely to
be facilitated through the introduction of new and separate
policies, but rather by the revision of existing policies that
currently undermine adaptation and by the strengthening of
policies that promote adaptation (Iglesias et al., 2011a,b,c;
Howden et al., 2007). Finding common ground between com-
peting claims is a serious challenge to policy development.
Nevertheless, this challenge needs to be addressed to ensure the
coherence and efﬁciency of policy measures under a changing cli-
mate.
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Table  5
Adaptation measures to climate change risks and opportunities.
Responding to the need of adaptation & measures Level (1) Category
(2)
Time-scale
(3)
Technical
difﬁculty (4)
Potential cost
(5)
Potential
beneﬁts (6)
Beneﬁt to effort
ratio (7)
I. Improving resiliency and adaptive capacity
(1) Implement regional adaptation plans P MA LT H M H 1.15
(2)  Improved monitoring and early warning P MA MT  M M H 1.50
(3)  Improve coordination planning P MA ST M L H 2.14
(4)  Innovation and technology P MA LT H H H 1.00
II.  Responding to changes in water availability
(5) Innovation: water use efﬁciency P MA MT  M M H 1.50
(6)  Improve soil moisture retention capacity F T MT  M M L 0.50
(7)  Small-scale water reservoirs on farmland F I MT  M M H 1.50
(8)  Improve the reservoir capacity P I LT H H H 1.15
(9)  Water reutilisation P I MT  H H H 1.25
(10)  Improve water charging and trade P MA LT H H H 1.00
(11)  Re-negotiation of allocation agreements P MA LT H H H 1.00
(12)  Set clear water use priorities P MA LT H L H 1.36
(13)  Integrate water demands in conjunctive systems P MA MT  M L M 1.25
III.  Responding to ﬂoods and droughts
(14) Create/restore wetlands F I LT H H M 1.00
(15)  Enhance ﬂood plain management F MA MT  H H H 1.07
(16)  Improve drainage systems F I LT M L M 1.11
(17)  Farmers as ‘custodians’ of ﬂoodplains P MA LT M H H 1.36
(18)  Hard defences P I LT H H H 1.15
(19)  Increase rainfall interception capacity P I MT  M M H 1.88
(20)  Introduce drought resistant crops F MA LT H M M 0.77
(21)  Insurance to ﬂoods or drought P MA MT  M H H 1.88
IV.  Responding to increased irrigation requirements
(22) Change in crops and cropping patterns F MA ST L M M 1.43
(23)  Improve practices to retain soil moisture F MA MT  M M M 1.00
(24)  Develop climate change resilient crops P T LT H H M 0.67
V.  Responding to changes in agricultural land use
(25) Relocation of farm processing industry P MA LT H H H 1.00
(26)  Addition of organic material into soils F MA ST L M L 0.71
(27)  Introduce new irrigation areas P MA LT H H H 1.15
VI.  Responding to deterioration of water and soil quality
(28) Improve nitrogen fertilisation efﬁciency F MA ST L L L 1.00
(29)  Soil carbon management and zero tillage F T MT  M M M 1.00
(30)  Protect against soil erosion F MA MT  M H L 0.42
VII.  Responding to loss of biodiversity
(31) Increase water allocation for ecosystems P MA LT H L H 1.15
(32)  Maintain ecological corridors P MA LT H H H 1.00
(33)  Improve crop diversiﬁcation F T LT M M M 0.91
( ructur
m
4
o
t
F
t
t1) Farm level (F), policy level (P); (2) agronomic (AG), management (MA), infrast
edium (M)  or high (H).
.2. Evaluation of adaptation measuresTable 5 provides an assessment of the potential adaptation
ptions to respond to each one of the identiﬁed risks and oppor-
unities. Level of implementation, option category and information
ig. 3. Range of beneﬁt to effort ratio of the agronomic, management and infrastruc-
ural measures presented in Table 4. The boxes show the standard deviation from
he  mean and the maximum and minimum values are represented by the bars.al (IN); (3) short term (ST), medium term (MT) or long term (LT); (4)–(6) low (L),
about timescale (urgency), technical difﬁculty, potential cost and
potential beneﬁts are reported for each potential adaptation option.
The discussion of the table is divided broadly into the risks, mea-
sures and opportunities identiﬁed, following the order in which
they are listed in Table 5.
Fig. 3 summarises the beneﬁt to effort ratio of the adaptation
measures (1–33 in Table 4). The value of effort is a combination
of the timescale, technical difﬁculty and potential cost; the beneﬁt
is characterised by the potential beneﬁt. The range values of the
beneﬁt to effort ratio for the agronomic, management and infras-
tructural measures is presented in Table 5.
5. Discussion and conclusions
An evidence-based assessment of adaptation strategies ideally
would require common metrics across all measures and agreement
on how signiﬁcance is deﬁned. Given the multiple dimensions of
water in society and ecosystems this is impossible. Therefore, our
study has many limitations.
This study only considers the climate drivers to deﬁne adap-
tation strategies and excludes the non-climate drivers that are
largely contextual. Water availability is a main determinant of
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ater for agriculture and is a driver that is largely contextual.
ater availability is determined by demand for water for people
nd the environment. The demand for water is heavily inﬂuenced
y socio-economic factors; the most obvious one being that the
otal population dictates the level of overall demand. Since popu-
ation growth is likely to magnify existing demand patterns, this
tudy probably underestimates the need for adaptation strategies
or agricultural water. Because of this, an overall adaptation strat-
gy would involve interventions that seek to reduce (or at least
ot signiﬁcantly increase) population density in water stressed
reas.
The study does not include projections of technological change.
he assumption that the current technological context will be
alid in the future is clearly ﬂawed. While technological change
n the area of climate change mitigation – reduction of green-
ouse gas emissions – is clearly documented, in the area of climate
hange adaptation this needs to be evaluated. The OECD (2011)
rovides guidance to develop appropriate investment incentives to
ncourage climate change action. Here we have considered some
daptation strategies that will require technological development,
uch as biotechnology, conjunctive use of surface and ground water,
mong others. We  are certain that technological change will shape
ome choices for adaptation in the coming decades.
Assessing the costs and beneﬁts of adaptation requires infor-
ation not only on emissions and the climate system, but also on
ossible future socio-economic change. However, this is not consid-
red in this study. Finally, another limitation of focusing on climate
hange related risks alone is that we lose sight of the overall con-
ext in which agriculture will develop in the future. This may  lead
o overestimating the importance of climate change impacts when
hey are considered in isolation from, for example, issues relating to
gricultural support in the USA, the EU, and Canada, or in the effects
f trade liberalisation in China or Africa (Iglesias et al., 2011a,b,c).
Recognising these limitations, the study provides insights into
rrigation policy challenges and choices in response to climate
hange in Europe, since it builds from a vast range of studies and
rovides a common regional framework for analysing impacts and
daptation.
The optimistic future depends on whether agriculture is able
o manage and consume water in a sustainable way. This would
equire a set of actions which may  not have tangible results in
he short run, such as information and education programmes.
nsuring economic efﬁciency in water use and taking measures to
romote water and soil conservation are priority areas for action. As
hey have been in the past, technological innovations will continue
o be a crucial factor. The clariﬁcation of water rights and estab-
ishment of ownership of property may  potentially lead to large
ncreases in agricultural production, as was the case in Central Asia
nd Eastern Europe. With sufﬁcient political will, sustainable water
or agriculture may  be ensured through the application of current
echnologies and through recognition of the importance of invest-
ng in research, in order to enable land and water management to
ope with both known and unknown future challenges (Godfray
t al., 2010).
Nevertheless, it needs to be recognised that the threat of bad
overnance is persistent (Godfray et al., 2010) and that, although
olicies that develop ﬁnancial incentives may  result in short term
ains, they can also incentivise unexpected behaviour that may
esult in increased damages (such as the impacts of biofuels on
ood production at a global level).
Water for agriculture often competes with water for other uses.
herefore, successful adaptation of water for agriculture often
equires combined efforts from other sectors, including ﬁnan-
ial, rural development, trade, industry and environment, among
thers. Water policy in many regions has evolved to integrate stake-
olders. Management 155 (2015) 113–124 121
In the beginning of the 21st century, the acceptance of cli-
mate change by society is clear (Eurobarometer, 2008, 2009). It is
more difﬁcult to understand how society will change and the social
uncertainty often dominates the consensus on adaptation choices.
Linking science to policy becomes increasingly important when
considering the evolving future. There is no substitute for realisable
data and reliable demonstration projects. Only policies that rely on
objectively veriﬁable indicators will prove adequate.
Even when policies are well deﬁned, demonstration and train-
ing efforts are necessary (Quevauviller et al., 2005). For example,
improving the efﬁciency of irrigation or introducing water metering
may  only be options for societies that already have an understand-
ing of alternative technologies and who  know how to encourage
implementation.
If adaptation is to become “mainstreamed”, it will be necessary
for relevant polices, such as the CAP and the Water Framework
Directive, to address the issue more directly (Iglesias et al., 2012a,b).
Finding common ground between these competing regional claims
is a serious challenge to regional policy development. Nevertheless,
it is a challenge that needs to be addressed to ensure the coherence
and efﬁciency of policy measures under a changing climate.
The implementation of adaptation options may  be a challenge
at the individual farmers, water managers and policy levels. In the
short term, social barriers may  limit the adoption of low cost and
technically feasible measures (Quevauviller et al., 2005). Long term
measures that require infrastructure, technology or governance
changes are often difﬁcult to justify in political terms.
This work provides an assessment of the main potential adapta-
tion options in responding to the identiﬁed risks and opportunities
that climate change might create in Europe. Our results show that
the more interesting adaptation options in terms of their beneﬁt
to effort ratio are the following: improving coordination planning,
setting clear water use priorities and increasing water allocation
for ecosystems. It is important to highlight that these three adap-
tation options should be implemented at a policy scale level. On
the other hand, our results show that the adaptation options most
beneﬁcial at a farm scale are the improvement of drainage systems
and small-scale water reservoirs on farmland. Our results show that
all climate change risks might be tackled with adaptation options
which can provide new opportunities to offer numerous beneﬁts to
society. To this end, the use of a meta-analysis with the purpose of
gathering information of previous studies seems to be adequate to
assess the adaptation options for agricultural water management
in Europe.
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